The products and the related gene expression of flavonoid metabolism were examined in the skin and pulp of Yan73 (Vitis vinifera L. cv.) grapes, a teinturier variety cultivated in China, and the data were compared with those in the skin and pulp of Cabernet Sauvignon (Vitis vinifera L. cv.) grapes, a well-known red variety. The results showed that, in comparison with the skins of Cabernet Sauvignon, the skins of Yan73 berries were characterised by fewer types of flavonols and anthocyanins, a higher level of flavonoids, and a much lower percentage of 3′-hydroxylated flavonols. Flavonoid metabolism was also present in the pulp of Yan73, and the percentages of 3′-hydroxylated flavonols and 3′-hydroxylated flavan-3-ols were significantly higher than the percentages of their corresponding 3′,5′-hydroxylated forms. Only flavan-3-ols were found in the pulp of Cabernet Sauvignon. The expression of VvmybA1 exhibited a co-ordination with the accumulation of anthocyanins in the pulp of the teinturier cultivar, which showed great similarity to that in the skin. A good correlation was found between the expression of VvF3′H and 3′-hydroxylated flavonoids, as well as between the expression of VvF3′5′H and 3′,5′-hydroxylated flavonoids in the skin and pulp of the grape berries. It is suggested that tissue-specific accumulation of flavonoids in grape berries is related to the transcriptional expression of VvF3′H and VvF3′5′H.
INTRODUCTION
Yan73 (Vitis vinifera L. cv.) is a teinturier variety cultivated in China. It was obtained in 1966 from the hybridisation of Alicante Bouschet (Vitis vinifera L. cv.) as female parent and Muscat Hamburg (V. vinifera L. cv.) as male parent (Kong et al., 2004) . Due to abundant accumulation of pigments in both the skin and the pulp, this grape cultivar is applied in winemaking to strengthen red wine colour. It was found that Yan73 wine also had higher phenolic content and stronger antioxidant capacity compared to the wine of a non-teinturier variety, namely Cabernet Sauvignon (V. vinifera L. cv.) (Xi et al., 2013) . Anthocyanin pigments redden the berry skins of grapevine cultivars as well as wines fermented in the presence of red skins. Since colour is critical to the sensory evaluation of red wine, due to its great commercial value, there have been a number of studies on anthocyanin biosynthesis and accumulation, as well as its regulation in wine grape berries (Boss et al., 1996; Kobayashi et al., 2002; Jeong et al., 2004; Ageorges et al., 2006; Jeong et al., 2006; Mattivi et al., 2006; Matus et al., 2009) .
In addition to anthocyanins, the contribution of flavonols and flavan-3-ols in grape fruits to the sensory quality of wine should not be ignored. Firstly, these two types of flavonoids are the main co-pigments participating in hue formation and colour stability during fermentation. Secondly, they are important components in determining the bitterness and astringency of wine. However, in terms of the teinturier grape varieties, most previous studies have focused only on the anthocyanin profiles (Ageorges et al., 2006; Balík & Kumšta, 2008; Castillo-Muñoz et al., 2009; He et al., 2010; Falginella et al., 2012; Guan et al., 2012) , a few reports were concerned about their flavonol profiles (Castillo-Muñoz et al., 2007; Castillo-Muñoz et al., 2009) , while to date no report has dealt with flavan-3-ol profiles. Since these three kinds of flavonoids make a collaborative contribution to the quality of red wine, it is valuable to thoroughly understand the composition and content of flavonoids in both the skin and pulp of a teinturier variety, as this will help to predict the potential impact on the colour and mouth feel of red wine when this teinturier variety is considered in winemaking.
The biosynthesis of flavonols, flavan-3-ols and anthocyanins share the same upstream pathway, as shown in Fig. 1 (Kobayashi et al., 2002) . Some flavonoids have a B-ring di-hydroxyl group at the 3′ and 4′ positions, which are called 3′-hydroxylated flavonoids and include quercetin, dihydroquercetin, isorhamnetin and their derivatives; (+)-catechin, (-)-epicatechin and (-)-epicatechin-3-O-gallate; and cyanidin and peonidin monoglucosides and their acylated Flavonoids in Teinturier Cultivar Grapes derivatives. Other flavonoids have a tri-hydroxylated B-ring with an additional hydroxyl group at the 5′ position, known as 3′,5′-hydroxylated flavonoids; examples are myricetin, dihydromyricetin, laricitrin, syringetin and their derivatives; (-)-epigallocatechin; and glycosylated forms of delphinidin, petunidin and malvidin and their acylated derivatives. The 3′-hydroxylated flavonoids are products of the downstream pathway of flavonoid 3′-hydroxylase (F3′H), whereas 3′,5′-hydroxylated flavonoids are from the downstream pathway of flavonoid 3′,5′-hydroxylase (F3′5′H). Naringenin flavanone is the common substrate shared by these two parallel pathways (F3′H and F3′5′H). Therefore, F3′H and F3′5′H are key enzymes that control the production of 3′-hydroxylated and 3′,5′-hydroxylated flavonoids respectively (Winkel-Shirley, 2001 ). Meanwhile, the 3′ position and the sequential 5′ position can be methoxylated by O-methyltransferase (OMT) to generate methoxylated flavonoids. The methylation of anthocyanin can modify its stability and reactivity, and influence the colour of grape berries and wine .
Although the anthocyanin profile and expression of flavonoid-synthetic genes have been studied in teinturier grape berries (Ageorges et al., 2006; Balík & Kumšta, 2008; Castillo-Muñoz et al., 2009; He et al., 2010; Obreque-Slier et al., 2010; Lago-Vanzela et al., 2011; Falginella et al., 2012; Guan et al., 2012) , these studies paid little attention to the tissue-specific accumulation of various flavonoids and their relationship with the expression of the biosynthesisrelated genes in the skin and pulp of teinturier grapes. Our previous study indicated that the pulp in Yan73, compared with the skin, contained a lower ratio of 3′,5′-hydroxylated to 3′-hydroxylated anthocyanins and a higher ratio of methoxylation to non-methoxylation of the anthocyanin B-ring (He et al., 2010) . This showed that the distribution of assimilated carbon in various branch pathways of anthocyanin metabolism is completely different in the skins and the pulp. Although there are great differences in anthocyanin and flavonoid profiles between the skin and the pulp in Yan73, the present study still cannot define whether these differences are as a result of the tissue-specific expression of genes encoding key enzymes in their biosynthetic pathway, or of flavonoid transportation from skin to pulp. As far as we know, the tissue-specific accumulation of various flavonoids and the underlying genetic mechanism responsible for these differences have not yet been elucidated clearly in teinturier grape varieties.
The present study was performed to further explore the association between flavonoid composition and expression patterns of key enzyme genes for flavonoid biosynthesis in the skin and pulp of teinturier variety Yan73, as well as their
FIGURE 1
General biosynthetic pathways of flavonoids in grapes. CHS: chalcone synthase; CHI: chalcone isomerase; F3H: flavanone 3-hydroxylase; DFR: dihydroflavonol 4-reductase; ANS: leucoanthocyanidin deoxygenase; UFGT: UDP-glucose:flavonoid 3-O-glucosyltransferase; F3′H: flavanone 3′-hydroxylase; F3′5′H: flavanone 3′,5′-dihydroxylase; OMT: O-methyltransferase;
AATs: anthocyanin acyltransferases.
comparison with those of the non-teinturier variety Cabernet Sauvignon. The objective of this study was to dissect the mechanism underlying the distinct accumulation of various flavonoid components in different tissues and different grape varieties. These findings will enrich the knowledge of the genetic regulation of flavonoid biosynthesis in the grape berry.
MATERIALS AND METHODS

Plant material
Yan73 and Cabernet Sauvignon grape berries have been growing for nearly 10 years in the commercial vineyards of Beijing, China. They were sampled from the beginning of véraison to industrial harvest (total soluble solids of approximately 20°Brix to 22°Brix) in 2010. The dates when these two cultivars commenced véraison were different: Yan73 on 2010-07-21, and Cabernet Sauvignon on 2010-08-03. In this study, the sampling time point was defined as 0 week after véraison, when approximately 5% of the berries on a cluster had turned colour and approximately 10% of the berry on 50% of the clusters had softened. Yan73 grape berries were harvested on 2010-09-20, and Cabernet Sauvignon on 2010-10-12.
Representative samples of the whole vineyard population were achieved according to the method reported by Boulton et al. (1995) . On each sampling day, three 100-berry samples of each variety were collected from seven 10-cluster selections at a similar position on at least 50 whole grapevines. The sampling time was fixed at 10:00 to 11:00. These berry samples were carried back to the laboratory within two hours. After being washed with distilled water, samples were immediately separated by hand to skins, pulps and seeds . Each sample was frozen in liquid nitrogen, and part of it was ground to fine powder with the help of liquid nitrogen and then lyophilised for the flavonoid analysis; the rest was stored at -80°C for the gene expression analysis.
Flavonoid extraction
Anthocyanin extraction was performed with methods reported by He et al. (2010) . In brief, skin powder or pulp powder (1.0 g) was homogenised in methanol solution (20 mL) containing 1% formic acid. Anthocyanin extraction was performed with the aid of ultrasonic treatment for 10 min. The solution was incubated in the dark at 25°C for 30 min, followed by a centrifugation at 8 000 × g for 20 min, and the supernatant was collected. The extraction step was repeated four times by adding another 20 mL of methanol solution to the pellet each time. All supernatants were pooled in a distilling flask and processed through a rotary evaporator to remove the methanol solution. The residues were dissolved into 10 mL 12% ethyl alcohol solutions (pH 3.7, adjusted by acetic acid) and used for the analysis of the anthocyanins.
Flavonol extraction from the skin or the pulp was performed according to the previous method, with some modification (Jin et al., 2010) . Skin or pulp powder weighing 2.00 g was mixed with distilled water (5 mL) and ethyl acetate (45 mL), then incubated with gentle shaking in darkness for 30 min, followed by centrifugation. The residue was extracted repeatedly for five times. All the supernatants were collected, dried using a rotary evaporator, and then redissolved with chromatographic-grade methanol (2 mL) for the analysis of the flavonols.
The sum of flavan-3-ol monomers and polymers was determined after acid catalysis in the presence of excess phloroglucinol (Liang et al., 2012) . The catalytic solution was composed of 50 g/L phloroglucinol in methanol, 5 g/L ascorbic acid and 0.1 M HCl. Powder (0.1 g) was added to this solution (1 mL), which was then incubated at 50°C for 20 min. Aqueous sodium acetate (200 mM) of 1 mL was used to stop the reaction. After centrifugation, the residue was extracted repeatedly for five times, as reported before, after which all the supernatants were pooled and used for the analysis of flavan-3-ols.
Three independent replicates of the extractions were conducted for each skin sample or pulp sample.
Qualitative and quantitative analyses of flavonoids by HPLC-MS
The anthocyanin solution was filtered through a 0.45 μm filter (cellulose acetate and nitrocellulose, CAN) and used for qualitative and quantitative analyses with the help of highperformance liquid chromatography-mass spectrometry (HPLC-MS) (Han et al., 2008 ). An Agilent 1100 series LC-MSD trap VL, equipped with a DAD detector and reversed phase column (Kromasil C18, 250 × 4.6 mm, 5 μm), was used. The mobile phase was: (A) aqueous 2% formic acid, and (B) acetonitrile containing 2% formic acid. The gradient elution was from 6% to 10% B for 4 min, from 10% to 25% B for 8 min, isocratic 25% B for 1 min, from 25% to 40% for 7 min, from 40% to 60% for 15 min, from 60% to 100% for 5 min, from 100% to 6% for 5 min, at a flow rate of 1.0 mL/min. The injection volume was 30 μL, and the detection wavelength was 525 nm. MS conditions were as follows: electrospray ionisation (ESI) interface, positive ion model, 35 psi nebuliser pressure, 10 L/min dry gas flow rate, 350°C dry gas temperature, and scans at m/z 100 to 1 000. The identification of five basic non-acylated anthocyanins was confirmed by comparison with commercially available anthocyanin standards and the MS/MS spectra. Identification of all the other acylated anthocyanins was achieved mainly by comparing molecular ions and product ions of these anthocyanins with those available in the literature (García-Beneytez et al., 2002 Wang et al., 2003; Núñez et al., 2004; De Villiers et al., 2004; Downey & Rochfort, 2008; Han et al., 2008; Cook Papini et al., 2010) . The cis and trans isomers of the coumaroylates for peonidin-3-Oglucoside and malvidin-3-O-glucoside were distinguished by elution time and proportion. The cis isomers were eluted first on a reverse-phase HPLC column, and presented lower proportions than trans isomers in the grapes according to the data reported previously (García-Beneytez et al., 2003; Núñez et al., 2004; Downey & Rochfort, 2008) . The concentration of individual anthocyanins was represented as micrograms of malvidin-3-O-glucoside equivalent per gram dry weight of tissues (DW).
Qualitative analysis of the flavonols was performed through an Agilent 1100 series LC-MSD trap VL, equipped with a DAD detector and reversed phase column (Zorbax SB-C18 column 3 mm × 50 mm, 1.8 μm), as previously reported by us (Jin et al., 2010) . Flavonol extraction was filtered through 0.22 μm nylon membrane filters prior to analysis. The mobile phase was composed of (A) aqueous 1% acetic acid and (B) acetonitrile containing 1% acetic acid. The gradient elution processing was from 5% to 8% B for 10 min, from 8% to 10% B for 8 min, from 10% to 15% for 22 min, from 15% to 20% for 10 min, from 20% to 30% for 3 min, from 30% to 50% for 5 min, from 50% to 100% for 4 min, and isocratic 100% B for 4 min, at a flow rate of 1.0 mL/min. Injection volumes were 2 μL and the detection wavelength was 280 nm. MS conditions were as follows: electrospray ionisation (ESI) interface, negative ion mode, 35 psi nebuliser pressure, 10 mL/min dry gas flow rate, 325°C dry gas temperature, and scans at m/z 100 to 1 000. The identification of flavonols was confirmed by comparison with commercially available flavonol standards and the MS/ MS spectra. The concentration of flavonols was represented as microgram quercetin equivalent per gram dry weight of tissues (DW).
Flavan-3-ols extracts were filtered through 0.22 μm nylon membrane filters and then separated by an Agilent 1100 series LC-MSD trap VL, equipped with a DAD detector and reversed phase column (Lorbax SB-C18 column 4.6 mm × 250 mm, 5 μm) (Liang et al., 2012) . The mobile phase was composed of (A) aqueous 0.2% acetic acid and (B) acetonitrile and aqueous 0.2% acetic acid mixed at 4:1. The gradient was isocratic 10% B for 20 min, from 10% to 15% B for 10 min, from 15% to 20% B for 10 min, from 20% to 33% for 10 min, from 33% to 40% B for 5 min, from 40% to 100% B for 3 min, isocratic 100% B for 5 min, from 100% to 10% B for 1 min, at a flow rate of 1.0 mL/min. Injection volumes were 25 μL, and the detection wavelength was 280 nm. MS conditions were as follows: electrospray ionisation (ESI) interface, negative ion mode, 35 psi nebuliser pressure, 10 mL/min dry gas flow rate, 325°C dry gas temperature, and scans at m/z 100 to 1 000. Identification of the flavan-3-ols was confirmed by comparison with available standards and MS/MS spectra. The flavan-3-ol monomers and the acidcleavaged extension subunits, as well as the phloroglucinol adducts of the acid-cleavaged terminal flavan-3-ol subunits, were identified by their standards (+)-catechin, (-)-epicatechin, (-)-epigallocatechin and (-)-epicatechin-3-O-gallate respectively, and by their corresponding MS information in the negative ion mode. The concentration of flavan-3-ol monomers was quantified by the standard curves prepared from the commercial standards.
Real-time PCR
Total RNA of the skin or the pulp of the grape berries was extracted using a cetyltriethylammnonium bromide (CTAB) extraction buffer (He et al., 2009) . All RNA samples were incubated with DNase I (RNase free, Takara, Japan) and purified by the EZ-10 Spin Column RNA Purification Kit (BioBasic, Canada). The quality of RNA was verified by checking intact ribosomal bands through agarose gel electrophoresis and the absorbance ratios (A260/A280). All the purified RNA samples were adjusted to the same concentration of 50 ng/μL with RNase-free water, and reverse transcribed into cDNA using AMV reverse transcriptase (Takara, Japan) according to the manufacturer's instructions.
The quantification of the transcripts was performed using SYBR ® Premix Ex Taq TM (Takara, Japan) on a 7300 Real-Time PCR System (Applied Biosystems, USA). Each real-time PCR reaction (20 μL) contained 2.0 μL of the cDNA template (100 ng/μL), 1.6 μL of the primer mixture (10 μM each, mixed with equivalent volume), 10.0 μL of 2 × SYBR Premix Ex Taq II and 0.4 μL of 50 × ROX Reference Dye (Takara, Japan), and 6.0 μL of dH 2 O. The template cDNA was denatured at 95°C for 30 sec, followed by 40 cycles of amplification at 95°C for 10 sec, 60°C for 31 sec and a melt cycle from 60°C to 95°C. Key enzyme genes and VvUbiquitin were analysed simultaneously. Two replicates were performed with each grape sample to get two pieces of RNA, then reverse transcribed into cDNA, and three technical replicates of Real-Time PCR were conducted on each cDNA sample.
The primers for real-time PCR were as referred to in previous reports (Jeong et al., 2004; Bogs et al., 2005 Bogs et al., , 2006 . These sequences are shown in Table 1 . The efficiency of these primers was tested in preliminary experiments with templates of dilutions of the purified PCR product, and maintained a γ 2 value ≥ 0.98. VvUbiquitin cDNA was used as an internal control. The specificity of the primers was verified on the basis of the following experiments. Firstly, using cDNA from grape berries as a template, specific fragments were obtained through PCR amplification. Fragment sizes were 182 bp for VvUbiquitin, 69 bp for VvF3H1, 129 bp for VvF3H2, 150 bp for VvDFR, 338 bp for VvANS, 152 bp for VvUFGT, 171 bp for VvF3′H, 101 bp for VvF3′5′H, 159 bp for VvOMT and 369 bp for VvmybA1,. These fragments were sequenced from both the 3′-end and 5′-end respectively, and compared with nucleotide sequences published in Genbank. The results demonstrated that they were exactly the same. Secondly, the dissociation curve of each gene indicated an absence of primer, dimer or other non-specific products. The dissociation curve was obtained at 95°C for 15 sec and 60°C for 1 min.
The relative transcript abundance for each gene was quantified by normalising to the expression level of VvUbiquitin. Every run, for each sample, included the VvUbiquitin control. The 2 -ΔCt (ΔCt = Ct Target -Ct Ubiquitin , Ct: cycle threshold) was used to obtain the normalised expression level of the target genes (Bogs et al., 2005) .
RESULTS
Changes of flavonoid contents in the skin and the pulp
In this study, 13 flavonols, four flavan-3-ol monomers and their acid-cleavaged adducts, as well as 21 anthocyanins, were identified in the skin and pulp of ripening Yan73 and Cabernet Sauvignon berries. The flavonoids identified in the skin and the pulp of Yan73 and Cabernet Sauvignon at harvest are shown in Table 2 . Four flavan-3-ols, viz. (-)-epigallocatechin (EGC), (+)-catechin (C), (-)-epicatechin (EC), and (-)-epicatechin-3-O-gallate (ECG), were present in both the skin and the pulp of Yan73. Fewer types of flavonols and anthocyanins were present in the skin of the Yan73 berries in comparison with the Cabernet Sauvignon berries. Similar development trends between the skin and the pulp of Yan73 were observed as to total concentration of each type of flavonoid (Fig. 2) . Their total concentration Flavonoids identified in the skin and pulp of Yan73 and Cabernet Sauvignon at harvest (mg/g DW).
YS, YP, CS, and CP represent the skins of Yan73, the pulp of Yan73, the skins of Cabernet Sauvignon and the pulp of Cabernet Sauvignon respectively. DW means dry weight of tissues. Nd means not detected. Trace means a weak signal of the targeted compound was detected in MS, but the concentration of the compound could not be calculated from the peak area of the spectrum since it was too small. In the present study, the detection limit of malvidin-3-O-glucoside in methanol was 0.13 mg/L; (+)-catechin, 0.075 mg/L; quercetin, 0.05 mg/L.
in the skins was always much higher than that in the pulp.
Comparing various types of flavonoids in the skins of these two varieties, we noticed that the total concentration of flavonols increased quickly from véraison to harvest in the skins of Yan73, while in the skins of Cabernet Sauvignon there was a steady increase; flavan-3-ols exhibited a first increase followed by a decrease in Yan73 , but a continuous decline in the skins of Cabernet Sauvignon; there was a large accumulation of anthocyanins at the post-véraison stage in Yan73, but the accumulation of anthocyanins in Cabernet Sauvignon lagged far behind. Overall, the total concentration of each type of flavonoid in the skins of Yan73 was significantly higher than that in the skins of Cabernet Sauvignon, especially at harvest (Fig. 2) . Flavonoids, i.e. flavonols, flavan-3-ols and anthocyanins, were all detected in the pulp of Yan73, while only flavan-3-ols were found in the pulp of Cabernet Sauvignon. The anthocyanins detected in the Cabernet Sauvignon pulp could be due to the migration of the pigments from the skin during the manual separation of the grape berry into its parts. The concentration of flavonols in Yan73 pulp changed a little during ripening, while its anthocyanins increased continuously. The concentration of flavan-3-ols detected in the pulps of Yan73 and Cabernet Sauvignon showed similar trends from véraison to harvestdecreasing a bit, but then remaining the same. According to the metabolic branch pathway, each type of flavonoid detected in this study was grouped into the corresponding 3′-hydroxylated and 3′,5′-hydroxylated components, which are synthesised by the F3′H-and F3′5′H-mediated pathways respectively (Fig. 3A, Fig. 3B ).
FIGURE 3A
Contents of various types of 3′-hydroxylated and 3′,5′-hydroxylated flavonoids (vertical bar chart) and the percentage of the 3′-hydroxylated or 3′,5′-hydroxylated form to total content of the corresponding type (line and scatter plot) in the skin of Yan73 and Cabernet Sauvignon, and in the pulp of Yan73 and Cabernet Sauvignon respectively. YS: the skin of Yan73; YP: the pulp of Yan73; CS: the skin of Cabernet Sauvignon; CP: the pulp of Cabernet Sauvignon.
Flavonoids in Teinturier Cultivar Grapes
From when the grapes just started changing colour until commercial harvest, the content of 3′,5′-hydroxylated flavonoids was always higher than that of 3′-hydroxylated flavonoids in both the Yan73 and the Cabernet Sauvignon skins. As for different grape varieties, the content of either 3′-hydroxylated or 3′,5′-hydroxylated flavonoids in this teinturier variety was always higher than that in Cabernet Sauvignon; the only exception seen was a lower level of flavonoids in the skins of Yan73 at the beginning of changing colour. This difference in the content between varieties was enhanced with fruit ripening. The total sum of flavonoids exhibited a gradual increase in the Yan73 skins, but a decline in the Cabernet Sauvignon skins. Furthermore, regarding the percentage of 3′-hydroxylated and 3′,5′-hydroxylated flavonoids to total flavonoids, no significant difference was observed between the skins of these two varieties, and these percentages remained at a relatively constant level during the whole experimental period, with an average of 42% and 58% in the Yan73 skins and 41% and 59% in the Cabernet Sauvignon skins respectively (Fig. 3A) . The percentage of 3′-hydroxylated flavonols in the Yan73 skins at harvest was about half that in the Cabernet Sauvignon skins, but the ratios of 3′-hydroxylated flavan-3-ols to 3′-hydroxylated anthocyanins were approximately three times those in the Cabernet Sauvignon skins (Fig. 3A) . In contrast, the percentage of 3′,5′-hydroxylated flavonols in the Yan73 skins was significantly lower than that in the Cabernet Sauvignon skins, but this great difference in the percentage of flavonols between the two varieties did not produce any impact on the similar percentage of total 3′-hydroxylated FIGURE 3B Contents of various types of 3′-hydroxylated and 3′,5′-hydroxylated flavonoids (vertical bar chart) and the percentage of the 3′-hydroxylated or 3′,5′-hydroxylated form to total content of the corresponding type (line and scatter plot) in the skin of Yan73 and Cabernet Sauvignon, and in the pulp of Yan73 and Cabernet Sauvignon respectively. YS: the skin of Yan73; YP: the pulp of Yan73; CS: the skin of Cabernet Sauvignon; CP: the pulp of Cabernet Sauvignon. or 3′,5′-hydroxylated flavonoids mentioned above, because flavonols did not comprise a large amount in the sum of flavonoids. Apart from 3′-hydroxylated flavonols like quercetin derivatives, all other classes of flavonoids showed comparatively higher levels in Yan73 skins (Fig. 3A) . In contrast to the flavonoid composition in the skins, the percentage of 3′,5′-hydroxylated flavonoids to total flavonoids in the Yan73 pulp stayed at a lower level, corresponding to approximately 41%, compared with the percentage of 3′-hydroxylated flavonoids (Fig. 3B) . This was mainly due to lower percentages of 3′,5′-hydroxylated flavan-3-ols. During the experimental periods, both 3′-hydroxylated and 3′,5′-hydroxylated flavonoids in the pulp of Yan73 did not show a significant change in total content, which differed from the developmental pattern of these compounds in the skin of Yan73. However, only flavan-3-ols were detected in the pulp of Cabernet Sauvignon, so their content could represent the flavonoid level (Fig. 3B) . Compared with the flavan-3-ols in the Yan73 pulp, the content of the 3′-hydroxylated and 3′,5′-hydroxylated flavan-3-ols was lower in the Cabernet Sauvignon pulp during grape develop, especially at harvest, and both of these flavan-3-ols decreased dramatically at the end of véraison, except for the 3′-hydroxylated flavan-3-ols, which decreased at the very beginning of véraison. In addition to 3′-hydroxylated flavonols, such as quercetin derivatives, and 3′,5′-hydroxylated flavonols like myricetin derivatives, kaempherol-3-O-glucoside is a special type of flavonol in grape berries, and both the 3′-and 5′-positions on the B-ring of this compound are not hydroxylated by a hydroxyl group or a methoxyl group. In the Yan73 skins, kaempherol-3-O-glucoside was detected only at four weeks and six weeks after véraison, and no kaempherol-3-Oglucoside was found in the pulp of Yan73 (Fig. 4) .
Flavonoids also can be divided into two groupsmethoxylated and non-methoxylated flavonoids -according to whether methoxylation takes place on the flavonoid
B-ring or not. Methoxylated anthocyanins include peonidin-3-O-glucoside, petunidin-3-O-glucoside and malvidin-3-Oglucoside and their acylated forms. Methoxylated flavonols are composed of the glycosidic derivatives of laricitrin, syringetin and isorhamnetin, while flavan-3-ols do not have methoxylated forms. In this study, the methoxylated forms of the flavonoids were over one-fold more than the nonmethoxylated forms in all the detected tissues. Moreover, both the methoxylated and non-methoxylated forms in the Yan73 skins gradually increased in content, and they remained to a certain degree in the Cabernet Sauvignon skins from two weeks after véraison (Fig. 4) . The methoxylated flavonoids were composed mainly of the methoxylated form of anthocyanins, rather than that of flavan-3-ols and flavonols. The percentage of methoxylated anthocyanins in the pulp of Yan73 was much higher than that in the skins (data not shown).
Expression of flavonoid biosynthesis-related genes and
VvmybA1 in the skins and pulp To understand the relationship between the tissue-specific distribution of flavonoids and the expression of the related genes, we detected the relative expression of VvF3′H, VvF3′5′H, VvF3H1, VvF3H2, VvDFR and VvANS in the skins and pulp of Yan73 and Cabernet Sauvignon during ripening (Fig. 5 ). These genes had quite different expression patterns in the different samples. The relative expression amount of all the genes in the pulp of Cabernet Sauvignon was very low, even undetectable, but all these genes were expressed in the pulp of Yan73. The relative expression amount of VvF3′H in the skins of Yan73 berries at harvest was more than that in the Cabernet Sauvignon skins. As for the Yan73 berries, VvF3′H was highly expressed in both the pulp and the skin, while the expression level of VvF3′5′H was very low in the pulp and relatively high in the skin.
OMT catalyses the methoxylation on the position 3′ and 5′ of the B-ring of anthocyanins or flavonols. VvOMT was hardly expressed in the pulp of Cabernet Sauvignon. However, similar trends of this gene expression were seen in both the skin and the pulp of Yan73, and in the skins of Cabernet Sauvignon, in which there was a rapid increase to a maximum at two weeks after véraison, followed by a decline (Fig. 5) . The expression levels of both VvUFGT and VvmybA1 were low in the pulp of the Cabernet Sauvignon berries, but their expression in the red pulp of Yan73 could be as high as that in the skins of Cabernet Sauvignon (Fig. 5) .
DISCUSSION
The accumulation of metabolites showed that whole flavonoid metabolism in the teinturier variety Yan73 was more active than in the non-teinturier variety Cabernet Sauvignon.
Three types of flavonoids were found in both the skins and the pulps of Yan73. Nine gene transcripts involved in the biosynthesis of flavonoids were found in the pulp of Yan73, and their relative expression levels were much higher than those in the pulp of the non-teinturier cultivar, Cabernet Sauvignon. This clearly indicates that the flavonoid pathway exists in Yan73 pulp, as well as in Cabernet Sauvignon pulp. VvF3′H and VvF3′5′H are two key enzymes leading to the synthesis of 3′-hydroxylated flavonoids and 3′,5′-hydroxylated flavonoids respectively (Winkel-Shirley, 2001; Bogs et al., 2006) . The expression data of VvF3′H and VvF3′5′H corresponded to a higher percentage of 3′-hydroxylated flavonoids in the pulp of Yan73 relative to that of 3′,5′-hydroxylated flavonoids. The assimilated carbon possibly is distributed more to the F3′H branch pathway in the flavonoid metabolism of Yan73 pulp, and mainly to produce 3′-hydroxylated flavan-3-ols and 3′-hydroxylated anthocyanins. This was quite different from the distribution of assimilated carbon in the flavonoid metabolism in Yan73 skin. Meanwhile, a good correlation was seen between the expression level of VvF3′H and the content of 3′-hydroxylated flavonoids, as well as between the expression level of VvF3′5′H and the content of 3′,5′-hydroxylated flavonoids, in the skins of Cabernet Sauvignon and the pulp of Yan73 and Cabernet Sauvignon. In the skins of Yan73, the high expression of VvF3′H could explain the phenomenon of the higher percentage of 3′-hydroxylated flavan-3-ols and 3′-hydroxylated anthocyanins in this tissue when compared with those in the skin of Cabernet Sauvignon. Except for VvF3′H and VvF3′5′H, other downstream genes, such as VvF3H1, VvF3H2, VvDFR and VvANS, showed a similar abundance of expression in the pulp and skins of Yan73 at harvest (Fig. 5) , which was inconsistent with the comparatively higher content of flavonoids in the skins (Fig. 3A) . It has been reported that the transcriptional levels of VvF3′H and VvF3′5′H could determine the ratio of 3'-hydroxylated anthocyanins to 3',5'-hydroxylated anthocyanins (Tarara et al., 2008) . The present study indicates that the tissue-specific accumulation of flavonoids, not only anthocyanins, is related to the transcriptional expression of VvF3′H and VvF3′5′H in grape berries, even in Cabernet Sauvignon pulp, although the expression of genes was very low and the content of flavan-3-ols was abundant.
Methoxylation on the position C3′ or C3′ and C5′ of the anthocyanin B-ring leads to a slight reddening effect on the colouring of anthocyanins (Boss et al., 1996; Gómez-Alonso et al., 2007) . Hence, in wine production, the application of Yan73 berries would help wine colour to remain steady, because this teinturier cultivar contains a relatively high concentration of methoxylated anthocyanins. The expression of VvOMT corresponded to the obvious increase in the concentration of methoxylated flavonoids in the early experimental periods (Fig. 4) . In addition, VvUFGT is involved in the synthesis of anthocyanins, and VvmybA1 has been demonstrated to specifically regulate the biosynthesis of anthocyanins (Jeong et al., 2006) . A close correlation was also observed between the expressions of these two genes and the accumulation of anthocyanins in the skin and pulp of Yan73 and Cabernet Sauvignon respectively. Accordingly, it is suggested that transcriptional regulation of anthocyanin biosynthesis in the pulp may have a similar mechanism to that in the skins. This is in good agreement with recent studies in which anthocyanins were found to accumulate in the pulp and skin of teinturier varieties at the same time (He et al., 2010; Guan et al., 2012) . Difference in the percentages of individual anthocyanins were observed between the skin and pulp of Yan73, which has some similarity to previous findings on other teinturier varieties (Obreque-Slier et al., 2010; Lago-Vanzela et al., 2011; Guan et al., 2012) . Changes in solar radiation and temperature caused by fruit-zone shading could modify the proportion of 3′-hydroxylated and 3′,5′-hydroxylated anthocyanins in Vitis vinifera grapes (Downey et al., 2004; Cortell & Kennedy, 2006; Ristic et al., 2007; Tarara et al., 2008; Chorti et al., 2010) .
This might be an integrated result of environmental factors such as temperature, light and rainfall. Environmentallysensitive grape cultivars generally contain a high proportion of 3′-hydroxylated anthocyanins (Chorti et al., 2010) . Temperature may have an impact on the gene expression level and enzyme activity in flavonoid biosynthesis, and combined effects of temperature and light are usually observed (Chorti et al., 2010) . This also has been demonstrated in the present study. The grape skins, because of exposure to more sunlight and higher temperature, contained more 3′,5′-hydroxylated flavonoids, especially 3′,5′-hydroxylated flavonols and anthocyanins, whereas the Yan73 pulp, which received relatively less sunlight and lower temperature, contained mainly 3′-hydroxylated flavonoids, especially 3′-hydroxylated flavan-3-ols. This result is in agreement with former studies in which researchers found that less sunlight and lower temperature would result in a substantial decline in the content of flavonoids, especially 3′,5′-hydroxylated flavan-3-ols and 3′,5′-hydroxylated anthocyanins (Downey et al., 2004; Cortell & Kennedy, 2006; Ristic et al., 2007) . However, contrasting results have also been reported. Grape shading also has been found to decrease the concentrations of 3'-hydroxylated anthocyanin and quercetin, and to increase the concentration of 3',5'-hydroxylated anthocyanin (Tarara et al., 2008; Chorti et al., 2010) . What factors control the tissue-specific expression of VvF3′H and VvF3′5′H in grape berries -genetic factors or environmental factors? This question needs to be answered.
Our results demonstrate that the different flavonoid profiles in the skins and pulp of Yan73 grape berries are caused mainly by the tissue-specific expression of genes encoding essential enzymes in their biosynthetic pathway, especially for VvF3′H and VvF3′5′H. The present study also confirmed that the profiles of flavonols, flavan-3-ols and anthocyanins in the pulp of the teinturier variety differed from those in the skin. This will push us to consider a potential impact of the flavonoid components in Yan73 on both colour and mouthfeel when it is utilised in winemaking.
CONCLUSIONS
Two interesting results were obtained in this study. Firstly, flavonols, flavan-3-ols and anthocyanins were all detected in the pulp of Yan73, and the percentage of 3′-hydroxylated flavonoids was higher than that of 3′,5′-substituted flavonoids in this tissue. This pattern of composition was different from that in the skins of Yan73 and Cabernet Sauvignon, but the same as in the pulp of Cabernet Sauvignon. Secondly, the transcriptional expression of VvF3′H and Vv3′5′H was tissue and variety dependent, and their levels of expression showed a high correlation with the accumulation of 3′-hydroxylated and 3′,5′-hydroxylated flavonoids.
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